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PREFACE
The work described in this report was authorized under Task Nos. IW062116A08I03, 1W062116A09200, 1W52007ADI20I, 1W562607AD1403, 1W562607AD170I, IW562603A00406, IW562603A00302, 1X562603A31200, IW564602D02802, and 1W662708A01101. This analysis was done in calendar year 1972. The data were generated over a period of several years.
Reproduction of this document in whole or in part is prohibited except with permission of the Commander, Edgewood Arsenal, Attn: SAREA-TS-R, Aberdeen Proving Ground, Maryland 21010; however, DDC and the National Technical Information Service are authorized to reproduce this document for United States Government purposes. For many years the majority of ballistics testing of antipersonnel projectiles has been in 20% gelatin gel 1, 2 . Gelatin is used for two reasons; (I) it simulates the retarding properties of skeletal muscle fairly well, and (2) it may be cast into transparent blocks. The latter property is important because it allows one to take high-speed motion pictures of the penetrating missile for retardation studies. Also, one may later observe the permanent damage without disrupting the block.
However, even the highly efficient testing now possible with gelatin has two major drawbacks. First, laboratory experiments are expensive when compared to analytical paper studiesa firing program occupies large amounts of time and manpower, and the resources spent apply only to the weapon tested. Second, one must have designed and faoricated the projectile in order to test it.
Such a "cut-and-try" method involving redesigning and retesting is a very inefficient way to build weapons. The ideal evaluative procedure is one in which the gelatin penetration/retardation performance of a projectile could be predicted fron its physical characteristics. Conversely, the same models which allow prediction of performance could be used to design projectiles possessing the desired terminal, soft-target effects within the constraints placed on the weapon system. An integral part of most weapons effectiveness analyses -and therefore the most common measure of antipersonnel effect -is the probability of incapacitating an infantry soldier, given a random hit. or P(I/H). It has recently been shown that P(I/H) is closely correlated to the expected kinetic energy deposit (EKE) in the "average" soldier struck at random by a particular projectile.
3 The EKE from random hits on actual enemy soldiers cannot be measured: but EKE may be approximated by:
where F(x) is the retarding force on the projectile as a function depth of penetration, x. into a 207r gelatin block, Pfx) is the probability that the projectile would still be within the "average" soldier at depth x, given a random hit. and x nlax is the maximum gelatin penetration depth of the projectile, F(x) is usually calculated from time-penetration data derived from high-speed movies of gelatin impacts. However, if the gelatin retardation could be predicted from a mathematical model, then the predicted F(x) could be used to calculate EKE. Since P(x) is already known. EKE's derived in this manner would require no firing. In fact, EKE's could be predicted for purely hypothetical projectiles.
The purpose of this report is to develop a generalized mathematical model of gelatin retardation for the simplest type of projectile, a nondeforming sphere. The use of a nondeforming sphere for the pilot model eliminates the orientation dependence and keeps missile characteristics constant during penetration.
Preceding page blank
In this section we will develop a mathematical model of the retardation of a nondeforming sphere in 20% gelatin. The gelatin is thixotropic; that is, it may be transformed from its elastic solid state (gel) to a viscous liquid state (sol) by the application of pressure. Thus the front surface of the penetrating sphere is presumed to be in contact with a thin layer of viscous liquid back to the point where the medium separates from the sphere and a cavity begins to form. The last bit of penetration, where the velocity (and pressure) drops below that which will liquefy the gel, is shortened because the sphere is penetrating an elastic solid instead of a viscous liquid. This effect will be neglected because the amount of energy remaining in the sphere at that point is negligible compared to the striking energy and, for the most part, it is the deposit of energy with which we are really concerned.
The relevant parameters associated with both the sphere and the gelatin, and the units of mass M, length L, and time T in which they are expressed, are as follows:
For gelatin:
' thickness of the liquid boundary layer, b (L)
• retarding force, F (ML/T"-)
For the sphere:
. presented area, A \h c )
• velocity, v (L/T)
• retarding force, F (ML/T")
Notice that the common parameter is the retarding force. It determines, of course, the deceleration of the sphere and also the coefficient of viscosity and thickness of the boundary layer in gelatin.
We will use dimensional analysis to initiate the derivation of the model. First we form the dimensionless product:
where the a's are the unknown powers to which the variables are to be raised to make the product dimensionless. If the dimensions of the seven variables are put in place of the variables in equation I and the powers of M, L, and T collected, the following results: These four terms are the dimensionless variables that we were seeking.
Refer to these terms as density, viscosity, boundary layer and force terms, respectively (because each of these parameters is associated with only one term). Dimensional analysis does not give us the form of the relationship among these terms. It might be linear, exponential, logarithmic, etc However, it is reasonable to assume that the force on the missile is primarily due to an inertia) component, corresponding to the mass of the gelatin which is moved aside as the missile penetrates, and a viscous component due to the internal friction of the sol (liquid). It is also reasonable to assume that the two components are linearly additive. However, in the above dimensionless terms we have the force term plus three terms -not two. To see how to obtain an inertial and a viscous component of force, we examine the definition of viscosity.
Imagine that we have two plates of surface area a. Between these plates is a viscous liquid of coefficient of viscosity n (as in Figure 1 ). The distance separating the two plates is b. If the bottom plate is motionless and the top plate is moving with velocity v, the viscous force resisting that motion is By analogy with equation 3 we expect the dimensionless viscous force term to be directly dependent on the viscosity n and inversely dependent on the boundary layer thickness b. This requirement is met if we let the viscous force term be expressed by the viscous term divided by the boundary layer term. Thus the total force may now be expressed as the sum of the viscous and inertial force terms, or
(4)
where C v and Cj are proportionality constants for the viscous and inertial terms respectively. Notice that since all bracketed terms in equation 4 are dimensionless, C v and Cj are dimensionless constants. Solving equation 4 for force gives us:
Equation 5 is the generalized form of Resal's Law. By Newton's formulation the force is defined as the mass times the acceleration (or deceleration in this case, since it is negative); or, if x equals displacement and t equals time,
Combining equations 5 and 6, we get 
\ 1 fi
The ratio /i/b would be constant, then, and must be kept as a ratio if it is later incorporated as a constant into other expressions. Separating the variables in equation 7 
Exponentiate, then solve for x. The remaining quantities, mass, velocity, etc., are variables which may be set at any value. If they are expressed in *he cgs measurement system, then the results will be in that system also. As mentioned in the introduction, any function of penetration depth or time associated with gelatin penetration by svhercs may be calculated from Resal's Law. This includes energy deposit, such as EKE, or rate of energy deposit, such as might be required for more complex functions of energy distribution.
III. CONCLUSIONS.
The generalized Resal's Law for penetration of gelatin by spheres has been shown to be sufficiently accurate to be used to derive the EKE, and therefore P(I/H), for a sphere of any size, mass, and striking velocity. It could be used in optimizing the design of weapons such as the US
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